Abstract: Solar surface irradiance is an important variable in many different fields, e.g., climate monitoring and solar energy. Remote sensing data are nowadays well established and the only observational data source in many regions of the world. Aerosols significantly affect the clear sky radiation and hence also the all sky radiation. In order to achieve the optimal accuracy for surface radiation, information of aerosols with low uncertainty is needed. In this study, the effect of four different aerosol climatologies on the solar surface radiation have been evaluated for the period 2006-2009 at nine BSRN stations. The use of the aerosol climatology from the European Center of Medium Weather Forecast (MACC) leads to the highest accuracy of solar radiation. The mean absolute bias is 6.8 Watt per square meter for global irradiance and 11.3 for direct irradiance. With the Max-Planck climatology (MAC-v1) 9.4 and 14.8 Watt per square meter and with GADS/OPAC (Global Aerosol Data Set/Optical Properties of Aerosols and Clouds) 10.0 and 14.6 Watt per square meter have been achieved, respectively. The improvement in the accuracy of solar radiation by using the MACC climatology is relatively large. Also remarkable is that the new MAC-v1 climatology and the older GADS/OPAC climatology performs on the same level with respect to the achieved accuracy in radiation. The effect of interannual variations of Aerosol Optical Depth (AOD) on the global irradiance is rather low for the investigated sites and period.
Introduction
Solar surface irradiance is an essential climate variable needed for the monitoring of the Earth's radiation budget and the analysis of the solar radiation feedback of the atmosphere. Further, it is of importance for the satellite based estimation of drought and evaporation and hence the analysis of the hydrological cycle, e.g., [1] and references therein. Moreover, these data are useful for the verification of reanalysis data, e.g., [2, 3] . Furthermore, accurate solar surface irradiance data are essential for the planning and monitoring of solar energy systems [4] .
Solar surface irradiance assessment from geostationary satellites is the primary source of observational data in regions where ground based measurements are rare (e.g., over ocean and on the African continent). Moreover it is useful to supplement ground measurements in regions with a dense coverage of measurement stations (e.g., [5] ).
Various algorithms have been developed to produce surface solar radiation data sets (e. g., [6] [7] [8] [9] [10] [11] [12] ) covering different approaches. All of them need aerosol or turbidity information as input. Aerosols have a significant effect on the solar surface irradiance. In order to achieve the optimal accuracy for surface radiation, information on aerosols with low uncertainty is needed, particularly in regions with low cloud frequency.
Unfortunately, the uncertainty of remote sensing aerosol information is relatively high over land [13] and the network of ground measurements is rather sparse e.g., [14] . These might be the reasons why in many applications climatologies of aerosols or turbidity are used instead of monthly resolved time series. To the knowledge of the authors this is the case for the retrievals applied by the Satellite Application Facilities (SAF) on Land Surface Analysis (LSA SAF) [15] , Ocean and Sea Ice (OCI SAF), Climate Monitoring (CM SAF) [16] , as well as within Satellight [17] , Solar Radiation Data (SODA) [18] and PVGIS [19] , to mention some examples. Further, for climate monitoring stability and homogeneity are essential. However, since the time coverage of aerosol datasets is an issue, the production of long term solar irradiance datasets using monthly resolved long term aerosol data would require a mixing of data sources. This in turn is expected to induce inhomogeneities (see Figure 1 ). The use of climatologies, on the other hand, provides a consistent treatment of aerosols throughout the time series and avoids the need for mixing of data sources.
This and the prevailing use of climatologies within remote sensing of solar surface radiation motivates the investigation of the accuracy of solar surface radiation for different aerosol climatologies. In this study the effect of four different aerosol data on the retrieval of solar surface irradiance are investigated. The goal is to determine the aerosol data base which provides the solar surface irradiance with the highest accuracy for the investigated sites. Also the inter-annual variability of the different aerosol databases is briefly discussed.
For this study the solar surface irradiance retrieval of the Satellite Application Facility on Climate Monitoring [20] is applied. The method is based on a Heliosat approach for the calculation of the cloud transmission [4, 7, 21] and is described in detail in [21, 22] . A short outline of the Heliosat approach in given below:
The cloud transmission is derived from the effective cloud albedo by Figure 1 . Illustration of the difference in surface radiation (Air Mass = 2), here direct normal irradiance for March, induced by the use of different aerosol climatologies (Kinne versus Global Aerosol Data Set/Optical Properties of Aerosols and Clouds (GADS/OPAC), see Section 2 for further details about the climatologies). The large differences in Direct Normal Irradiance (DNI) illustrates that the mix of different data sources is expected to lead to serious inhomogeneities in climate data records.
The effective cloud albedo (CAL) in turn is derived from the normalised reflections observed by the satellite by Equation (2):
here, ρ is the normalised observed reflection for each pixel and time, ρ cs is the minimum reflection per slot, pixel and month and ρ max is the "maximum" reflection. The latter is determined by the 95th percentile of all reflection values at local noon in a target region characterised by a high frequency of cloud occurrence for each month. The all sky irradiance G is then derived by applying the clear sky model (G clear ) [22] and Equation (1) .
The applied clear sky model consists of look-up tables calculated with the radiative transfer model libradtran [23] for the consideration of aerosols. Further, it includes parameterisations of water vapour and ozone, which are validated with libradtran. The spectral effect of aerosols is considered by application of a standard aerosol model [24, 25] .
The resulting all sky method SPECMAGIC [22] and its precursor MAGICSOL [26] are well established and enable the consideration of clouds, water vapour, aerosol optical depth and aerosol type. Similar methods are used by many other groups as well, e.g., the Land Surface Analysis SAF, the Ocean and Sea Ice SAF, Universtiy of Oldenburg, and Armines, please see [4, 11, 16] as well as [12, 21, 22, 27] and references therein for further details. The outlined Heliosat approach [4, 7, 11] , and its coupling with clear sky models is a standard method for the retrieval of solar irradiance from Meteosat First Generation satellites. It is therefore expected that the evaluation results are of general interest for the solar radiation community.
The Investigated Aerosol Data Sets
All data sets have a global coverage and long term monthly means ("climatological monthly means") are used for the comparison study.
The "Kinne" climatology The first aerosol climatology investigated is referred as Kinne climatology. It has been generated within a work contract for the DWD. For information about the aerosol state an aerosol climatology based on AEROCOM data [13] merged with ground based measurements from the AErosol RObotic NETwork (AERONET) [28] is used. It comes as a climatology of monthly means in 1 × 1 degree resolution. The merging has been performed by the application of inverse distance weighting of the ground measurements. This climatology has been used for the generation of the first CM SAF (Climate Monitoring Satellite Application Facility) radiation climate data record [26] .
The MAC-v1 climatology As a second data base the Max-Planck-Institute Aerosol Climatology version 1 (MAC-v1) aerosol climatology is tested [29] . Again the Aerocom global modeling inter-comparison is the starting point of the data set. Midvisible (550 nm) averages of Aerosol Optical Depth (AOD) and Single Scattering Albedo (SSA) and fine-mode AOD fraction are obtained from statistical merging of ground based sun-and sky-photometer with data from AeroCom phase1 global modeling. In comparison to the afore mentioned method, the data mining and merging is more complex and readers are referred to [29] for further details about the method and further information about the available aerosol properties. The monthly means with a spatial resolution of 1 × 1 degree are publicly available at [30] .
The GADS/OPAC climatology A further aerosol climatology evaluated results from the calculation of optical properties with the Optical Properties of Aerosols and Clouds (OPAC) software package using the Global Aerosol Data Set (GADS) as input [31] . GADS provides information on the atmospheric aerosol particles for 10 main aerosol components which are representative for the atmosphere and characterised through their size distribution and their refractive index. This information is provided on a 5 × 5 degree grid for summer and winter time. The optical properties are calculated with OPAC by consideration of the relative humidity taken from the National Center for Environmental Prediction (NCEP) [32] . OPAC is able to consider the effect of aerosol swelling and hence the effect of relative humidity on aerosol optical depth, single scattering albedo and asymmetry parameter. By consideration of relative humidity data long term monthly means on 2.5 × 2.5 degree are generated and used.
The MACC climatology Finally, the MACC reanalysis product is used [33] . The MACC product is obtained from a data assimilation system for global reactive gases, aerosols, and greenhouse gases.
It consists of a forward model for aerosol composition and dynamics [34] . The data assimilation procedure is described in detail in [35] . It has recently been used for the estimation of aerosol radiative forcing [36] . The MACC reanalysis product is generated with a T159 horizontal resolution. For the use in SPECMAGIC it has been re-gridded to a 0.5 × 0.5 degree regular latitude longitude grid.
The required aerosol optical properties (at 550 nm wavelength) are: aerosol optical depth, single-scattering albedo and asymmetry parameter. If asymmetry parameter is not available, its climatological value (0.7) is applied.
Results and Discussion
Monthly means of solar surface irradiance are calculated with the different aerosol climatologies and subsequently compared to ground measurements of the Baseline Radiation Network (BSRN) [37] for all sky conditions. The comparison is performed for the period 2006-2009. The BSRN stations used for the validation are listed in Table 1 . Only those stations were used that cover at least a period of 1 year. The selected 9 stations are located on the northern hemisphere but cover several climatic regions (desert, maritime, continental). However, please note that the limited number of stations does not allow to draw final conclusions on the global performance of the climatologies.
The stations Toravere, Lerwick, Cabauw, Lindenberg and Payerne are on average characterized by moderate aerosol load, but relatively high frequency of clouds. Whereas the stations Tamanraset and Sede Boger are characterised by low frequency of clouds and higher aerosol loads might be expected. Both stations are affected by desert storms, hence a higher variability of the aerosol optical depth might be assumed. Indeed, Gueymard [14] showed that Sede Boger has a higher variability in aerosol optical depth than sites in Central Europe.
For the comparison only the aerosol input is changed, all other input variables remained unchanged. This enables the detection of the aerosol climatology resulting in solar surface irradiance with the lowest error. As main error measure the Mean Absolute Bias is used. It is defined by Equation (4).
Further the bias is used, defined as:
RADmm is the monthly mean of radiation for satellite (sat) and ground measurements (gbm), respectively. The absolute bias is preferred as, in contrast to RMSE, it is a linear quantity and avoids bias cancellation of errors across months or stations. Figure 2 (absolute units) and Figure 3 (relative units) as well as Table 2 show the results of the evaluation. In general aerosols have a high scattering portion. The scattered light can contribute to global irradiance but is lost for the direct irradiance. This explains why direct irradiance exhibits a higher sensitivity to aerosols than global irradiance [38] . Hence, uncertainties in the AOD affects direct irradiance much more than global irradiance. This in turn explains that all climatologies shows higher errors for direct irradiance than for global irradiance.
MAC.v1, the sucessor of Kinne, performs slightly better than Kinne. However, the new MAC.v1 climatology is on the same level as the "old" GADS/OPAC climatology with its coarse spatial and temporal resolution. This is a remarkable result which might indicate the difficulty to gain a significant improvement in aerosol information for surface irradiance retrieval. At least for this comparison the higher spatial resolution provides no significant benefit. For global irradiance neither MAC-v1 nor Kinne nor GADS/OPAC perform better than the assumption of zero tropospeheric aerosols. This surprising result is further discussed in one of the following paragraphs. The use of the MACC aerosol climatology results by far to the highest accuracy, both for direct and global irradiance. The gain in accuracy is about 1%-2% for global irradiance and 3%-5% for direct irradiance compared to the other climatologies. Moreover, MACC is the only climatology that leads to a lower MAB than the zero (tropospheric) aerosol assumption for global irradiance. The use of MACC leads to remarkably good results with uncertainties close to the uncertainty of the ground measurements, with the exception of the stations Sede Boger and Tamanrasset where higher errors occur.
All climatologies show the largest errors (in absolute units) at these two stations (Sede Boqer and Tamanrasset). These sites are affected by desert aerosols and characterised by low frequency of cloud occurrence. This indicates that further improvements of the climatologies in and around the Sahara region might be needed.
However, in relative units the error at these stations is much less pronounced, because of the relatively high solar surface irradiance induced by high solar altitudes and low cloud amounts. Nevertheless, the higher MAB in W/m 2 of global irradiance using MAC.v1, Kinne and GADS/OPAC relative to the zero aerosol assumption is partly due to the large underestimation of global irradiance at these stations. MAC.v1, Kinne, and GADS/OPAC exhibit MAB values above 25 W/m 2 , but the zero AOD assumption leads to a MAB of only 6.3 W/m 2 at Taramanset and 8.2 W/m 2 at Sede Boqer. This in turn leads to an overall comparable MAB for global irradiance and the surprisingly good performance of the zero aerosol assumption. All climatologies show a significantly lower MAB and Bias for direct irradiance compared to the zero aerosol assumption. This shows that the climatologies come with meaningful AOD information as the direct irradiance is only affected by AOD and not by the aerosol type or size. Global irradiance is less sensitive to AOD than direct irradiance and depends also on the aerosol type (composition) and size. Hence, the low performance for global irradiance relative to the zero aerosol assumption might be a hint for misleading single scattering albedo or asymetry parameter. The assumption of spherical aerosols might contribute significantly to misleading information in the Sahara region. Further, it might indicate that the absorption affect of the aerosols is overestimated. In any case the overall negative bias for direct and global irradiance indicates that at least for this type of retrieval methods the optical depth of the aerosol climatologies are too high. Yet, high aerosol loads (e.g., desert storms, biomass burning) might be considered as clouds by the applied retrieval method (Heliosat). This could contribute to the above mentioned finding and needs further investigation. In order to get a first hint about the potential of inter-annually resolved data the year to year results are shown for the MACC climatology in Figure 4 . It is remarkable that the error (MAB) of the climatologies (see Table 2 ) at the "clear sky" stations (Tamanrasset and Sede Boger) where higher aerosol variations are expected are significantly larger than the year to year variation. This indicates that an improvement of the climatology might be of higher priority, whereas the errors induced by the use of long term monthly means instead of annually resolved monthly means might be of lower priority.
For the European stations the error as well as the year to year variations are close to the uncertainty of the ground measurements for global irradiance. This is at least also partly true for direct irradiance. Within this scope, it has to be considered that the uncertainty of ground measurements is higher for direct irradiance and that direct irradiance is more sensitive to uncertainties induced by clouds. Hence, based on our results, it is difficult to motivate the benefit of annually resolved aerosol data for regions such as Central and Northern Europe, which are characterized by relative low aerosol load but high frequency of clouds. In these regions clouds usually dominate the variation of radiation [38] . However, with regard to direct normal irradiance Gueymard [14] showed that regions with very high aerosol variations and very high aerosol sensitivity exists. It is to be expected that in those regions accurate inter-annual as well as daily aerosol information is of great importance for direct irradiance. Further, Nikitidou et al. [39] showed that the effect of variations in aerosols on DNI (e.g., induced by desert storms) could be rather large in Europe under clear skies. Such effects are not considered by climatologies, which is a serious drawback. On the other hand, high aerosol loads (desert storms, biomass burning) might be considered as clouds by the applied method. As mentioned above, this needs further investigation. In this context it is important to note that our results are restricted by the small number of available BSRN stations that cover the complete 4-year period, in particular with regard to DNI and direct irradiance. 
Conclusions
The sensitivity analysis of estimated solar surface irradiance (both direct and global) to aerosol climatology provided by four sources (MACC, GADS/OPAC, MAC-v1 and "Kinne") has been performed. The analysis involves the SPECMAGIG method [22] and data collected at nine BSRN ground-based stations. The collected data represent a 4-year period (2006) (2007) (2008) (2009) and different observational conditions (desert, maritime, continental). It has been demonstrated that the MACC aerosol climatology, in comparison with those from other sources, offered better agreement between the calculated and measured values of the global irradiance and its direct component. The corresponding mean absolute bias was 6.8 W/m 2 and 11.3 W/m 2 for the global and direct irradiance, respectively.
Further, hints have been found that for global irradiance the improvement of the climatology might be of first priority, whereas the errors induced by the use of long term monthly means instead of annually resolved monthly means might be of lower priority. Also for direct irradiance the inter-annual variations are relatively small compared to the overall errors. However, our study is limited by the small number of sites available, which makes it impossible to draw final conclusions. Recent studies [14, 39] have shown that higher temporal resolution is very important for direct irradiance in many regions of the world. Variations in AOD affect direct irradiance much more than global irradiance. However, the authors believe that issues regarding development of aerosol data sets with required quality and spatial coverage remain unresolved.
For climate data records homogeneity is an important issue. Given the high accuracy achieved with MACC and the need for homogeneity, the use of a climatology like MACC is expected to be appropriate for the retrieval of a climate data record of global and direct irradiance. Recent validation results performed within the generation of the SARAH data set confirm this assumption. However, it has to be expected that the use of aerosol climatologies contributes significantly to higher errors of direct irradiance retrieval.
